Schwarz MA, Caldwell L, Cafasso D, Zheng H. Emerging pulmonary vasculature lacks fate specification. Am J Physiol Lung Cell Mol Physiol 296: L71-L81, 2009. First published October 24, 2008 doi:10.1152/ajplung.90452.2008.-Lung morphogenesis requires precise coordination between branching morphogenesis and vascularization to generate distal airways capable of supporting respiration at the cell-cell interface. The specific origins and types of blood vessels that initially form in the lung, however, remain obscure. Herein, we definitively show that during the early phases of lung development [i.e., embryonic day (E) 11.5], functional vessels, replete with blood flow, are restricted to the mesenchyme, distal to the epithelium. However, by day E14.5, and in response to epithelialderived VEGF signals, functional vessels extend from the mesenchyme to the epithelial interface. Moreover, these vessels reside adjacent to multipotent mesenchymal stromal cells that likely play a regulatory role in this process. As well as and distinct from the systemic vasculature, immunostaining for EphrinB2 and EphB4 revealed that arterial and venous identity is not distinguishable in emergent pulmonary vasculature. Collectively, this study provides evidence that lung vascularization initially originates in the mesenchyme, distal to the epithelium, and that arterial-venous specification does not exist in the early lung. At a mechanistic level, we show that basilar epithelial VEGF prompts endothelial cells to move toward the epithelium where they undergo morphogenesis during the proliferative, canalicular stage. Thus our findings challenge existing notions of vascular origin and identity during development. vascular; vessel; EphrinB2; EphB4; platelet endothelial cell adhesion molecule-1; lectin; blood flow; fate specification DURING EMBRYONIC development, lung morphogenesis is initiated by the outpouching, elongation, and penetration of the ventrolateral foregut wall into the underlying splanchnopleuric mesoderm at the laryngotracheal groove. This results in the formation of two rudimentary lung buds composed of inner epithelial cells and surrounding mesoderm. Within this microenvironment, cells communicate with one another, the extracellular matrix, and soluble growth factors to give rise to progressive remodeling and development of the immature lung. Recent studies have shown a direct synergism between neovascularization and lung morphogenesis, one that is supported by lung morphological abnormalities following vascular alteration (10, 28, 44, 51) . Such studies have significantly contributed to the conclusion that vascular regulatory factors play a crucial role in lung morphogenesis.
DURING EMBRYONIC development, lung morphogenesis is initiated by the outpouching, elongation, and penetration of the ventrolateral foregut wall into the underlying splanchnopleuric mesoderm at the laryngotracheal groove. This results in the formation of two rudimentary lung buds composed of inner epithelial cells and surrounding mesoderm. Within this microenvironment, cells communicate with one another, the extracellular matrix, and soluble growth factors to give rise to progressive remodeling and development of the immature lung. Recent studies have shown a direct synergism between neovascularization and lung morphogenesis, one that is supported by lung morphological abnormalities following vascular alteration (10, 28, 44, 51) . Such studies have significantly contributed to the conclusion that vascular regulatory factors play a crucial role in lung morphogenesis.
Vessel formation within the embryo is governed by interactions between endothelial cells, mural cells, and the extracellular matrix (27) . It is believed that angiogenic and vasculogenic forces (6, 42) work in concert to form the lung vasculature. However, the precise way in which vessels form during lung development remains obscure. Serial reconstruction of human embryonic fetal lungs suggests that during the pseudoglandular stage pulmonary arteries are formed from the splanchnopleural mesenchyme via vasculogenesis, whereas later canalicular and alveolar stages use angiogenic mechanisms (18) . In contrast, methacrylate vessel casting and electron microscopy studies indicate that the two vascular networks, vasculogenesis and angiogenesis, form simultaneously but independently from each other with rare communication between the vascular networks early in mouse lung development [embryonic days (E) [13] [14] , with communication between the two networks gradually increasing until a complete vascular circuit is established by day E17 just before term in the mouse embryo (term ϭ day E18. 5; Ref. 11) . Vascularspecific reporter transgenic mice studies that use a precursor endothelial marker fetal liver kinase-1 [Flk-1; VEGF receptor-2 (VEGFR2)] suggests that neovascularization occurs throughout lung formation and in conjunction with morphological development (43, 48) in regions where mesenchymal cells closely appose epithelial cells (16) . Alternatively, studies examining vascular formation in the vascular-specific marker Tie2-LacZ expression in transgenic mice suggest that the vasculature does not reside initially within the mesenchyme but rather forms by angiogenesis from vessels that grow into the lung mesenchyme (41) .
Despite these significant contributions to our understanding of pulmonary neovascularization, it is unclear whether the developing pulmonary vasculature has blood flow during early lung morphogenesis, originates from predominately arterial or venous origins, and is contained within the mesenchyme during early lung morphogenesis. Our studies sought to expand our understanding of pulmonary neovascularization by identifying regions within the lung with vascular blood flow and the fate specification of the pulmonary endothelial cells. To this end, the goals of this present study were: 1) to identify the pulmonary vasculature by staining it with the vascular perfusion of fluorescein-labeled Lycopersicon esculentum (tomato) lectin (25, 31) ; 2) morphometric and FACS analysis of the arterial EphrinB2 receptor and its venous ligand, EphB4; 3) to identify the endothelial cells responding to the epithelial secretion of VEGF; and 4) to determine whether pluripotent perivascular mesenchymal stromal cells contribute to the endothelial cell population by transdifferentiation.
Here, we demonstrate that pulmonary vascular flow is found initially in the mesenchyme during early pulmonary development (days E11.5-E13.5) and extends toward the epithelial/ mesenchymal interface in response to basilar epithelial VEGF resulting in endothelial cell activation. On days E14.5-E15.5, PECAM-1/VEGFR2 vessels containing blood flow reach the epithelial/mesenchymal interface. Intravascular perfusion of fluorescein-labeled L. esculentum lectin indicates that PECAM-1-positive vessels are functional and replete with blood flow. EphrinB2 and EphB4 are coexpressed on PECAM-1-positive endothelial cells and cells that are negative for endothelial cell markers. These studies indicate that initial pulmonary vessel formation occurs within the mesenchyme, is predominately angiogenic, and is guided by basilar epithelial VEGF activation of endothelial cells and that the emerging pulmonary vasculature lacks fate specification.
EXPERIMENTAL PROCEDURES
Fetal lungs were isolated from timed pregnant CD1 pathogen-free mice housed and handled according to the Institutional Animal Care and Use Committee, which approved this study. Animals were mated overnight, and those females who were found with a plug were isolated in separate cages, and the day was noted as day E0.5. On noted days, the fetuses were removed and placed in ice-cold PBS, and the lungs were isolated using microdissection techniques.
Pulmonary blood flow was determined using fluorescein-labeled L. esculentum (tomato) lectin (Vector Laboratories, Burlingame, CA). In contrast to some lectins, intravascular perfusion of fluorescein-labeled L. esculentum lectin binds uniformly to the endothelial surface of normal and inflamed vessels (45) . At the designated embryological stage, CD1 pregnant mice were sedated with ketamine/xylazine and received an intracardiac vascular injection of 100 l of lectin (1 mg/ml). Verification of intracardiac location was confirmed before and after injection by aspiration of blood. After 5 min, the CD1 pregnant mice were euthanized, and the fetuses were removed and placed in ice-cold PBS. Using microdissection, the lungs were isolated and fixed with 4% paraformaldehyde followed by incubation in 30% sucrose 4°C and embedded in optimum cutting temperature compound (OCT). Light exposure was minimized at all steps. Studies were performed on two separate occasions, and multiple fetal lungs were examined.
FACS analysis of fetal lung populations were performed on single cells from dissociated lungs. In brief, microdissection techniques were used to isolate the lung and remove the heart and trachea. Lungs were then rinsed in PBS, cut into smaller pieces, incubated in 0.5% collagenase and 20 g/ml DNase I for 15-20 min at 37°C with occasional agitation, and gently pipetted. The collagenase was inactivated using 2 ml of ice-cold FBS, centrifuged at 2,000 rpm for 5 min, and suspended in 5 ml of red blood cell (RBC) lysis buffer. Following a 15-min incubation, 2 ml of ice-cold FBS was added, and cells were passed through a 100-m filter and centrifuged. Cells were then suspended in PBS and 2% FBS solution at a density of 1 ϫ 10 7 cells per milliliter. Cells (1 ϫ 10 6 ) were placed into a 5-ml polystyrene tube, exposed to the labeled conjugated primary antibody [PECAM-1 PE-conjugated (ab23635; Abcam, Cambridge, MA), PECAM-1 FITC-conjugated (ab23359; Abcam), CD90/ Thy-1 PE-conjugated (ab25777; Abcam), CD90/Thy-1 FITC-conjugated (ab226; Abcam), biotinylated EphrinB2/Fc chimeric (BT496; R&D Systems, Minneapolis, MN), and biotinylated EphB4 (BAF446; R&D Systems)] for 30 min on ice with agitation every 10 min. After incubation, 2 ml of PBS/2% FBS solution was added to the cells, the cells were spun down, the supernatant was aspirated, and the cell pellet was resuspended in 0.1 ml of PBS/2% FBS. Cells incubated with the conjugated biotinylated primary antibody were then incubated with secondary streptavidin phycoerythrin (1:1,000; Invitrogen) for 30 min on ice in the dark and agitated every 10 min. Following incubation, 2 ml of PBS/2% FBS were added, the cells were pelleted, the supernatant was aspirated, and the cell pellet was resuspended in 1-ml PBS/2% FBS. Cells were analyzed on a Becton Dickinson FACS caliber with sort option (dual beam with 4 color). Cells incubated with no antibody served as the control population. Studies were performed on a minimum of three separate occasions for each condition and time point.
Histological analysis of vascular markers was performed using immunofluorescent techniques. Fetal lungs were rinsed in PBS before fixation with 4% paraformaldehyde and then incubated in 30% sucrose overnight at 4°C. Lungs were then mounted in OCT and placed at Ϫ80°C. Sections were permeabilized with 0.1% Triton X-100, rinsed with PBS, blocked using CSA (Zymed, San Francisco, CA), and exposed to the primary antibody for 1 h per manufacturer's instructions [PECAM-1, 1:100, BD Biosciences, San Jose, CA; Thy-1, 1:100, Abcam; EphrinB2, 1:100, R&D Systems; EphB4, 1:100, R&D Systems; VEGF monoclonal antibody, 1:100, Calbiochem, San Diego, CA; VEGFR2, 1:100, Cell Signaling Technology, Danvers, MA; phosphorylated (P) VEGFR2, 1:100, Cell Signaling Technology]. Following washing with PBS, tissues were exposed to the appropriate secondary Cy3 or Alexa 488 fluorescent antibody (Chemicon, Temecula, CA and Molecular Probes/Invitrogen, Carlsbad, CA) for 1 h. For dual localization, primary antibodies from different species were incubated together, whereas same species antibodies were performed separately following repeat blocking and a separate incubation period. This was followed by a 6-min incubation with membrane-permeable 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 5 mg/ml at 1:1,000 dilution; Sigma, St. Louis, MO), rinsing with PBS, and mounting. The signal was viewed by fluorescent microscopy at the appropriate wavelength for the secondary antibody on an IX81 Olympus microscope, and images were captured with a Hamamatsu ORCA digital camera using SlideBook software. For lectin blood flow studies, images were captured using a Zeiss LSM 510 META confocal microscope system of the W. M. Keck Center for Collaborative Neuroscience. Studies were performed on two different occasions, and a minimum of four lungs were examined for each immunofluorescence staining procedure.
RESULTS

Early lung vessel formation and extension occurs within the lung mesenchyme and is marked by extensive endothelial cell remodeling and proliferation.
Rudimentary lung tissue outpouches from the ventrolateral foregut wall into the underlying splanchnopleuric mesoderm at the laryngotracheal groove. To determine the initial location of vessel formation, we examined PECAM-1 expression in day E11.5 fetal lung. Vessel formation was limited to the mesenchymal tissue at day E11.5. Indeed, the PECAM-1-positive endothelial cell population was actively dividing and extending within the undifferentiated mesenchyme (Fig. 1B) . Interestingly, many of the tip endothelial cells were undergoing mitosis as noted by the DAPI staining ( Fig. 1A) and cells adjacent to the last PECAM-1-positive endothelial cell expressing the proliferation marker Ki67 (Fig. 1, C and D) .
PECAM-1-positive vessels contain blood flow within the mesenchyme during days E11.5-E13.5 with extension to the epithelial/mesenchymal junction at days E14.5-E15. 5 . Lung morphogenesis initiates on the ventral aspect of the foregut note by thickening of the foregut epithelium and the subsequent evagination of the laryngotracheal groove. Morphogenetic changes of the endodermal epithelium result in the formation of two small lung buds, composed of inner epithelial pouches surrounded by a thick layer of mesoderm. Vessel casting (11) and documentation of one of the earliest precursor endothelial cell markers, VEGFR2, suggests that vessel in growth occurs in areas where mesenchyme closely apposes epithelial cells (16, 43) without connecting to vasculogenic pools until the later stages of lung development. Because PECAM-1-positive endothelial cell extensions in day E11.5 fetal murine lungs lacked epithelial/mesenchymal cell proximity, we examined blood flow and PECAM-1 staining during the pseudoglandular stage of lung development (days E11.5-E16.5) to define the relationship between epithelial/mesenchymal proximity and vessel formation. This stage of development is defined by epithelial-lined airways (preacinar bronchi) that undergo repeated dichotomous branching (mouse: days E11.5-E16) surrounded by mesenchyme. To overcome the challenges faced in determining fetal lung blood flow patterns, we utilized intravascular injections of fluorescein-labeled L. esculentum lectin in conjunction with PECAM-1 immunohistochemistry for precise endothelial cell localization. Blood flow in days E11.5-E13.5 (Fig. 2, A-H) fetal lungs was limited to the mesenchymal tissue. Furthermore, most of the regions positive for PECAM-1 expression also contained fluorescent lectin. Blood flow and PECAM-1-positive cells were first noted in close proximity to the epithelial/mesenchymal region on day E14.5 ( Fig. 3, A and B) and were found in all epithelial/ mesenchymal regions by day E15.5 ( Fig. 3C) .
Vessel extension to the epithelial mesenchymal junction is associated with VEGF protein expression at the basilar region of the epithelial cell. Angiogenesis and vasculogenesis are, in part, a direct response to endothelial mitogen signals such as VEGF. VEGF induces endothelial cell differentiation (49) , proliferation, and migration through interaction with its tyrosine kinase receptors and is expressed at the subepithelial matrix during embryonic lung neovascularization (19) . To determine whether VEGF expression was one of the factors responsible for attracting endothelial cell extension into the epithelial/mesenchymal region, coimmunofluorescence examined VEGF expression in relationship to phosphorylation of VEGFR2. At day E12.5, VEGF expression localized to the basilar epithelial cell region (Fig. 4B, inset) within the subepithelial matrix as previously reported (available in the data supplement online at the AJP-Lung Cellular and Molecular Physiology web site) and P-VEGFR2 regions with no noted dual localization. In addition, colocalization of VEGF and P-VEGFR2 was noted in some mesenchymal regions consistent with endothelial cell VEGF expression and VEGFR2 phosphorylation (Fig. 4, B and H) . In contrast, on days E14.5-E16.5 (Fig. 4, D-F and G-I, respectively), corresponding with blood flow of the epithelial/mesenchymal region, we noted that there was dual localization of VEGF and P-VEGFR2 in this region.
Mesenchymal stromal cells surround and precede extending vessels. Although the formation of a vascular tube is fundamental to vessel establishment, vessel maturation also relies on the structural stability of smooth muscle cells and pericytes. To determine whether vessel maturation occurred in tandem with vessel formation, we examined the distribution of one mesenchymal stromal marker coexpressed in pericytes, CD90/Thy-1. From days E11.5 to E15.5, Thy-1 distribution was limited to (␣-smooth muscle actin-positive; Supplemental Fig. 2 ) cells surrounding the extending vessel (Fig. 5) . Importantly, endothelial markers (VEGFR2 and PECAM-1) did not colocalize with Thy-1 during this period as noted by both dual immunofluorescence and FACS analysis (Fig. 5) .
EphrinB2 and EphB4 are coexpressed on a large number of cells during early lung development with only a small percentage of the cells also expressing the endothelial marker PECAM-1. Studies have shown that EphrinB2 and
EphB4 reciprocal interactions and bidirectional signaling pro- vide critical guidance cues at cell-cell contact points and are an essential component of vascular morphogenesis (1, 7, 13, 46) . EphrinB2 is predominately expressed in arterial endothelial cells, whereas one of its binding partners, the EphB4 receptor, is restricted to venous endothelial cells (1, 46) . Recently, EphrinB2 expression was noted on nonendothelial cell populations and found to have properties that regulate smooth muscle cell migration, focal adhesion formation, and spreading that are independent of its cell-cell contact function (14, 15) . At days E13.5-E15.5, EphrinB2 was expressed in three predominate regions, endothelial cells, perivascular (Fig. 6, white bars) , and in the epithelium (Fig. 6 , E-H and Q-T) (but expression is not bound to basement membrane laminin; Supplemental Fig. 3) . Furthermore, the cells expressing EphrinB2 and EphB4 are ringed on the basilar edge by the extracellular matrix protein laminin and line a pseudogland, supporting their epithelial cell origin (Supplemental Fig. 3) . Similarly, EphB4 expression also localized to these regions (Fig. 6, A-D and M-P) . Flow cytometry determined that, at day E13.5, 80 -90% of the cells expressed EphrinB2 and EphB4 on their cell surface. Of this population, all PECAM-1-positive cells (9 -14%) also coexpressed EphrinB2 and EphB4 (Fig.  6Y) . In contrast, by day E15.5, EphrinB2 was represented on 60 -65% of the total cell population, whereas EphB4 was expressed on 70 -75% of the cells. The number of PECAM-1-positive cells was noted to be 16 -23% with a greater ratio of these cells coexpressing the venous marker EphB4 (22%) and a smaller ratio of cells coexpressing EphrinB2 (5%) (Fig. 6Z) . The increase in PECAM-1-positive cells suggests that EphrinB2/EphB4-positive cells later develop the expression of this endothelial cell surface marker.
Coimmunofluorescence indicated that EphrinB2 and EphB4 were coexpressed (day E13.5, Fig. 6 , I-L; day E15.5, Fig. 6 , U-X). Because the perivascular region was noted to also express the stromal marker Thy-1, we performed additional FACS analysis to determine whether either EphrinB2 or EphB4 coexpressed this stromal marker. FACS analysis indicated that a portion of the coexpressing EphrinB2 and EphB4 cell population at day E13.5 (15%) and on day E15.5 (ϳ3%) also express the cell surface stromal marker Thy-1 (Fig. 7) and was confirmed by dual immunofluorescence of EphrinB2 or EphB4 with Thy-1 (data not shown).
DISCUSSION
The endothelium is the first tissue to differentiate during embryogenesis from a totipotent extraembryonic mesoderm cell population (7.5 days gestational age). During endothelial cell differentiation, there is an ordered progression of identifying cell surface markers beginning with Flk-1/VEGFR2, and this is subsequently followed by the appearance of vascular endothelial cadherin (VE-cadherin), PECAM-1, and CD34 ϩ (39). Importantly, it is the environmental factors, such as hypoxia, the extracellular matrix, growth factors, and other cell populations, that are the main determining factors in endothelial cell differentiation (27) . The presence of VEGF promotes pluripotent Flk-1 cells to differentiate into an endothelial cell. In contrast, pluripotent Flk-1 cells differentiate into smooth muscle cells and pericytes following exposure to PDGF-BB (49) . Studies have shown that vessel formation is influenced by the cellular microenvironment and epigenetics (2) . Although it is known that the lung vasculature is comprised of vessels that arise from intrapulmonary and extrapulmonary sources to form the pulmonary vascular bed (3), it is not clear whether the formation is predominately vasculogenic (18) or a combination of angiogenic and vasculogenic forces (11). Our histological examination of pulmonary blood flow, identification of tip endothelial cell proliferation, and VEGF/VEGFR2 phosphorylation signaling suggests that angiogenesis is the predominate method of vessel formation during early stages of lung development. Although this does not rule out vasculogenic methods of vessel formation during these early stages, the presence of blood flow in the majority of PECAM-1-positive endothelial cells suggests that angiogenesis is the dominating force during early lung vascular development. An alternative explanation is that during early stages of vasculogenic initiated vessel formation, PECAM-1 is not an ideal marker of committed endothelial cells. Although examination of an earlier endothelial cell marker such as VEGFR2 is attractive, it is limited in its usefulness by its distribution to uncommitted endothelial cells and the pluripotent nature of the cells expressing this marker to differentiate into an endothelial cell, smooth muscle cell, or pericyte (49) . However, if one examines the colocalization of VEGFR2 phosphorylation and its endothelial differentiating protein, VEGF, one can surmise that this VEGFR2-expressing cell is committing to an endothelial phenotype. Our findings suggest that a cell population expressing P-VEGFR2 in association with VEGF is found in the pulmonary mesenchyme extending toward the epithelial/mesenchymal junction on day E12.5. By days E14.5-E15.5, cells expressing P-VEGFR2 and VEGF are found at the epithelial/mesenchymal interface corresponding with the arrival of PECAM-1-positive blood containing vessels. These findings support a prominent role for angiogenesis in early pulmonary vessel formation.
Vessel remodeling, blood flow, and angiogenesis have been shown to play an important role in embryological development as well as the pathophysiology of ischemic cardiovascular disease and cancer. For example, characteristics such as arterial/venous specification and network patterning are influenced by these forces (29) . Although early vessel formation during embryonic development is genetically hardwired through neural guidance genes, Jones et al. (29) recently determined that blood flow is a dynamic process that evokes a high degree of vessel plasticity resulting in vessel identity and network remodeling in the late stages of embryogenesis. Their findings are supported by studies suggesting that dynamic blood flow plays a pivotal role in the formation of the arterial system where flow velocity and vessel branching angle determine the number of arterial branches (33) . To better understand whether blood flow has an impact on lung formation, we delivered intravascular fluorescein-labeled lectin to determine blood flow during early lung development. Although there are many types of lectins, studies indicate that L. esculentum lectin tightly binds uniformly to the endothelial surface of normal and inflamed vessels resulting in demarcation of the perfused vessel (45) . Three important observations were obtained from the examination of lung blood flow. The first was the location of the vessels that contain blood flow. Blood flow was found in the mesenchymal tissue but not in regions of epithelial/mesenchymal contact during early lung development (days E11. 5-E13.5) . This is contrary to standard belief the vessel formation occurs simultaneous with lung bud formation at the epithelial/ mesenchymal interface. The lack of vessel formation at the epithelial/mesenchymal interface corresponded with the absence of PECAM-1 expression in this region. This suggests that, during the initial phases of lung development, vessel formation has little influence on lung branching. However, blood vessel proximity to the epithelial/mesenchymal junction changes at days E14.5-E15. 5 . It is during this period that we first note blood flow and PECAM-1-positive cells adjacent to the epithelial cells. There are several possible explanations for the timing of the vessel to reach this interface at this time. One possibility is the need for nutrients and oxygen to this region of the lung. As noted in tumor formation, vessel in growth into the tumor is associated tissue size surpassing 1-2 mm in diameter. Alternatively, it is at this time during lung development that we note the strong basilar epithelial expression of VEGF that may function as a vessel beacon and/or induce differentiation of VEGFR2-positive cells into endothelial cells. Another possibility is that during this phase of lung development, these regions are devoid of perfusion due to pulmonary vascular shunting. The second observation that we noted was that the arrival of blood flow to the epithelial/mesenchymal interface corresponds with the onset of marked epithelial cell proliferation and differentiation. Our third observation was that blood flow is found in lumens surrounded by PECAM-1-positive cells. This provided an endothelial cell marker that could be used to examine arterial vs. venous origin of the bloodcontaining vessel. Examination of endothelial cells that coexpress PECAM-1 and the venous marker EphB4 or the arterial marker EphrinB2 using immunofluorescence and FACS analysis indicates that, during early lung development, day E13.5 PECAM-1 endothelial cells lack arterial/venous designation as they dual express EphrinB2 and EphB4. This suggests that blood flow has a minimal role in early lung vessel arterial/ venous designation. In contrast, by day E15.5, the PECAM-1-positive cells coexpressed distinct arterial or venous markers suggesting a broader role for blood flow in the later stages of lung formation.
VEGF is a key modulator of endothelial cell behavior throughout fetal development, providing guidance for vascular patterning in organ development where variable ratios of the VEGF isoforms are expressed throughout development before arriving ultimately at different levels in adult organs (38) . In lung development, the epithelial cell has been identified as being a significant source of VEGF expression (17, 19, 24, 36, 38) . Furthermore, recent studies indicate that mesenchymal FGF9 and SHH signaling are essential to capillary plexus formation and VEGFA expression during the early stages of lung development (47) . In our studies, we show that VEGF is not only found in the mesenchyme and epithelial cells, but also is localized to the basilar cell surface. In this basilar region, we propose that it serves as an attractant to a PECAM-1-positive cell population that is responding to the VEGF signal as defined by the activated phosphorylated state of VEGFR2. Importantly, the basilar epithelial expression of VEGF and the corresponding P-VEGFR2 signal present on the leading vascular edge suggest that the epithelial basilar VEGF serves as a guidance and endothelial differentiation signal (49) . Through this interactive attraction, the vessel migrates toward the epithelial/mesenchymal interface arriving at days E14.5-E15. 5 . Interruption in this tightly regulated process can result in marked abnormalities in lung morphogenesis, as shown in studies where dysregulation of the amount and cellular phenotype that produces VEGF significantly alters lung morphogenesis (38, 51, 53) . In addition, the VEGF basilar epithelial location suggests a morphological role where a reciprocal interaction between the VEGF-expressing basilar epithelial surface and the endothelial cells set in motion the developmental process. Studies have shown that endothelial cell signals are an important component of the morphogenic process. For example, during pancreatic development, key events of pancreatic differentiation occur only in close association with endothelial cells (26, 32) . We propose a similar mechanism for lung development. Before day E16.5, cell differentiation is limited at best. This is followed by an intensive period of cell proliferation, vessel extension, and epithelial cell differentiation. VEGF and its spatiotemporal delivery have been shown to pattern and coordinate epithelial/vascular morphogenesis (5, 53) , and blockade of lung vascular growth at day E14.5 before the establishment of adequate blood flow to the epithelial/ mesenchymal interface results in the blockade of epithelial cell differentiation (44) . This supports the concept that the vasculature needs to develop a close physiological relationship with the epithelium at the days E14.5-E15.5 stage to facilitate the mutual signaling between the two cell types and the initiation of lung morphogenic progression.
Working in concert with VEGF in vessel growth are the ephrins, receptor tyrosine kinases that comprise the largest known family of growth factor receptors (50) . Key roles for the two EphrinB ligands and the three EphB receptors in demarcation of arterial/venous domains, vascular morphogenesis, and sprouting angiogenesis have been identified (1) . EphrinB2 has been shown to be predominately confined in expression to arterial endothelial cells, whereas its binding partner, the EphB4 receptor, is found in the venous endothelial cells, suggesting defined boundaries between arterial and venous domains. Using these two vessel markers to differentiate between arterial and venous vessel formation, we examined their distribution and frequency in the developing lung. In contrast to prior reports (1, 46), we found that EphrinB2 and EphB4 are coexpressed on the cell surface of 80 -90% of the cell population during the early pseudoglandular stage of pulmonary development (day E13.5). To understand the EphrinB2 and EphB4 distribution, we initially determined what percentage of the cell population were endothelial cells. FACS analysis indicated that only 10% of the cell population of the lung expresses the endothelial marker PECAM-1. Interestingly, this population of endothelial cells also coexpressed EphrinB2 and EphB4, suggesting that, at this stage of lung development, endothelial cells have not committed to an arterial or venous designation. However, by day E15.5, the PECAM-1-positive endothelial cells exhibit selective expression of EphrinB2 or EphB4, indicating acquired venous/arterial designation. Interestingly, the vast majority of the endothelial cell population was venous during this stage of lung development. However, the lack of endothelial markers on the other 70% of the cell population suggests that role of EphrinB2/EphB4 is not purely endothelial.
In addition to their specified vascular location, the ephrinEph signaling has been implicated in capillary sprouting and having a stimulatory role in the developing vascular system (1). This, in part, is a function of the unique ability of the ephrins and their Eph receptors to signal in a bidirectional fashion resulting in a cell being able to send as well as receive a signal. This type of signaling has been routinely employed in lung morphogenesis where push-pull forces of attractive vs. repulsive functions between semaphorins, netrins, and their receptors express cues that shape the architecture of lung bud morphogenesis (30) , thus allowing for the establishment of permissive and restrictive zones during early steps of branch-ing morphogenesis (21) . Similarly, in the vasculature, the bidirectional signaling between the ephrins and their Eph receptors has been shown to contribute to vessel formation (40) , thus allowing cell motility to be directed by the dual intracellular signaling that occurs in the ligand-or receptorexpressing cells as both can send as well as receive signals (21) . However, this does not explain the coexpression of EphrinB2/EphB4 in nonendothelial cells during early development. One possibility is that the bidirectional signaling of the EphrinB2/EphB4 has a role outside vessel formation. This is supported by the recent findings that bidirectional signaling is not limited to vascular structures as EphrinB2 and EphB2 have been shown to play a role in midline cell-cell adhesion and fusion of the endoderm to the underlying mesoderm during urorectal development (13) or axon pathfinding (7) . It is therefore plausible that the focal coexpression of EphrinB2/ EphB4 in the epithelium during the early stages of lung development is functioning as a bidirectional signaling force that may have an influence on cell-cell adhesion of the epithelium (that arises from the foregut endoderm) to its underlying mesoderm, functions as a pluripotent vessel related-cell, or plays a role in axon guidance within this region.
Following initial vessel formation, it is important that the vessel recruits associated mural cells that will ultimately remodel the vascular bed in order for the vessel to retain stability and functionality (8, 22) . Mural cell recruitment and retention is based on a VEGF-stimulated endothelial cell expression of PDGF-B (4, 9, 20, 27, 35) . To determine whether the lung neovasculature also was associated with mural cells, we examined the distribution of one such marker, Thy-1 (CD90). Thy-1 is found on the cell surface of mesenchymal stromal cell populations that demonstrate a proliferative response to PDGF (37) , express pericyte markers during development, and facilitate progenitor cell differentiation (23) . Cells expressing the surface glycoprotein Thy-1 were found in close proximity to endothelial cells. The close proximity of Thy-1-positive cells to the endothelium is consistent with previous reports of mural cell recruitment during retinal vessel formation (12) . Interestingly, Thy-1 marker is expressed on certain precursor cell populations that can be selectively transdifferentiated into endothelial cells. Indeed, during adult angiogenesis, differentiating endothelial cells also express Thy-1 surface antigen. However, blood vessels during embryonic angiogenesis were not found to share this characteristic (34) . Consistent with these reports, we found that PECAM-1-positive cells did not coexpress the Thy-1 surface marker during lung development. In contrast, Thy-1 cells do coexpress EphrinB2 and EphB4. EphrinB2 and EphB4 have previously been found on stromal cells that can directly influence vessel formation and endothelial cell growth. Stromal cells expressing EphrinB2 promote vascular network formation, endothelial cell proliferation, and induced recruitment and proliferation of ␣-smooth muscle actin-positive cells, whereas stromal cells expressing EphB4 inhibit these actions (52) . This suggests that mural cells may have a regulatory role on vessel formation in this region.
In conclusion, our studies indicate that during early lung development vascular formation is predominately angiogenic in nature, is confined to the mesenchyme, and lacks fate specification. Early pulmonary vessel extension requires extensive vascular remodeling as endothelial cells, surrounded by a stromal cell population, accompanies the vessel toward the epithelial/mesenchymal interface. During the late pseudoglandular stage, in response to basilar epithelial expression of angiogenic factors such as VEGF, vessels extend into the epithelial/mesenchymal interface. Lastly, broad perivascular distribution of EphrinB2 and its receptor, EphB4, suggests a broader role for the ephrins and their Eph receptors in fetal lung development.
